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Abstract 


Gypsum  wallboard  was  shown  to  absorb  formaldehyde  in  a prototype 
house  and  in  a measuring  chamber,  as  reported  previously  by  researchers 
at  Oak  Ridge  National  Laboratory  (ORNL) . Also  as  reported  previously, 
formaldehyde  concentrations  attained  equilibrium  in  two  phases  in 
response  to  a change  in  the  air  exchange  rate  or  to  the  removal  of  the 
formaldehyde  source.  A rapid  initial  phase  was  followed  by  a slow  phase 
lasting  several  days.  A formaldehyde  sorption  model  that  accounts  for 
the  biphasic  concentration  pattern  is  presented  here.  Experiments  for 
testing  the  predictability  of  the  model  are  proposed. 


Key  words:  Formaldehyde;  gypsum;  indoor  air  quality;  modeling;  pollutant; 
sorption;  source-sink;  wallboard. 
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A GYPSUM  WALLBOARD  FORMALDEHYDE  SORPTION  MODEL 


Nomenclature 


a = normalized  coefficient  in  equations  for  C(t) . 

Aj^  = exposed  surface  area  of  the  i^^  pressed-wood  product  (subscript)  , or 
of  gypsum  wallboard  (no  subscript),  m^ . 
ag  = normalized  coefficient  in  equations  for  G(t) . 

and  are  linear  regression  coefficients  in  the  equations:  Ej_  = - 

mg/m^*h  and  m/h,  respectively. 

C*  = C(t)  = formaldehyde  concentration  at  time  t,  rag/m^ . 

Gext  “ external  formaldehyde  concentration,  mg/m-^ . 

Coo'  = formaldehyde  concentration  at  time  « in  the  absence  of  gypsum 
wallboard,  mg/m^ . 

e = formaldehyde  emission  rate  of  permeation  tubes,  mg/h. 
e = e + S Aj^*a£,  mg/h. 

Ej^  = formaldehyde  emission  rate  per  unit  area  of  the  i^^  pressed-wood 
product,  mg/m^*h. 

F*  = F(t)  = formaldehyde  content  of  the  measuring  chamber  at  time  t,  mg. 

= slow  decay  constant,  h~^. 

= fast  decay  constant,  h“^. 

G^  = G(t)  = formaldehyde  content  of  the  gypsum  wallboard  per  1 m area  at 
time  t,  mg/m^ . 

I = air  exchange  rate,  h”^. 

I'  = S/(v.c.),  h-i 

I = I + S Li*^i,  h'l. 

K = Goo/ Eoo  ) I®  • 
ki  = model  constant, 
ki'  = ki' ‘V/A,  h'l . 
k2  = model  constant. 


m/h , 

V,  - 1 


k(j  = first  order  rate  constant  for  irreversible  formaldehyde  removal  per 
unit  area  of  gypsum  wallboard,  h'^. 

Lf  = Aj^/V  = loading  of  the  i^^  pressed-wood  product  (subscript),  or  of 
gypsum  wallboard  (no  subscript),  m~^. 

RH  = relative  humidity,  %. 

S = S Aj^'Ej^,  mg/h. 
t = time.  h. 

ri  = = time  constant,  h. 

V = volume,  m^ . 


“^Subscript  "0"  indicates  time  0;  subscript  "®"  indicates  time  ®. 


1 . INTRODUCTION 

Pressed-wood  products  are  a major  source  of  formaldehyde  in  indoor 
environments.  Several  models  successfully  predict  equilibrium  indoor 
formaldehyde  levels  from  knowledge  of  the  emission  rate  of  pressed-wood 
product  emitters  [1-13].  However,  the  formaldehyde  concentration  may 
take  days  to  achieve  equilibrium  because  of  the  presence  of  sinks  in 
houses,  most  notably  gypsum  wallboard.  In  order  to  successfully  predict 
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indoor  formaldehyde  concentrations,  models  must  describe  non-equilibrium 
concentrations  in  the  presence  of  waliboard. 

Matthews  et  al.  [12]  studied  formaldehyde  sorption  at  Oak  Ridge 
National  Laboratory  (ORNL) . The  formaldehyde  concentration  in  small- 
scale  environmental  chambers  containing  pressed-wood  products  was 
monitored  while  formaldehyde  was  injected  and  absorbed  by  gypsum 
waliboard  for  several  days,  followed  by  several  days  of  desorption.  The 
ORNL  researchers  observed  a biphasic  formaldehyde  concentration  profile, 
in  which  the  concentration  rose  (fell)  abruptly  within  the  first  2 hours 
of  absorption  (desorption)  followed  by  a slow  approach  to  equilibrium.  A 
similar  pattern  was  observed  at  the  National  Institute  of  Standards  and 
Technology  (NIST)  in  response  to  changes  in  the  air  exchange  rate  (Figure 
1)  of  a prototype  house  containing  pressed-wood  products  as  the 
formaldehyde  source.  A similar  profile  was  also  observed  when 
formaldehyde  was  injected  at  a constant  rate  into  a measuring  chamber 
containing  an  uncut  waliboard  specimen  (Figure  2),  and  after  injection 
was  stopped. 

The  ORNL  researchers  described  concentration  for  times  greater  than 
2 hours  by  an  exponential  term  with  a time  constant  r = 2.5-3  days  for 
various  ratios  of  air  exchange  rate  (I)  to  waliboard  loading  (L  = A/V 
where  A = waliboard  area  and  V = volume) . They  did  not  suggest  how  the 
coefficients  of  their  equation  can  be  modified  to  account  for  conditions 
different  from  those  used  in  their  experiments. 

Sorption  of  other  gases,  for  example  NO2 , NO,  and  SO2 , by  home 
furnishings  has  been  modeled  on  the  basis  of  mass  balance  [14-16]. 
Deposition  velocity  of  NO2  depended  upon  temperature,  RH,  and  mixing. 

The  present  report  uses  a similar  approach  to  derive  a formaldehyde 
sorption  model,  taking  account  of  the  differences  from  NO2  and  SO2 
sorption.  Once  absorbed,  NO2  and  SO2  are  not  emitted.  In  contrast, 
Matthews  et  al . estimated  that  90-95%  of  the  formaldehyde  absorbed  by 
waliboard  is  later  reemitted,  implying  that  it  does  not  react 
irreversibly  in  air  or  waliboard  to  an  appreciable  extent  [12].  The 
outdoor  concentration  pattern,  especially  of  NO2 , may  strongly  influence 
its  indoor  concentration,  whereas  outdoor  formaldehyde  concentrations  are 
generally  low  compared  to  those  in  buildings  containing  formaldehyde 
emitters  [1-2] . 

The  assumptions  used  in  modeling  formaldehyde  sorption  are 
discussed  in  Section  2,  followed  by  presentation  of  the  model  in  terms  of 
model  constants  which  should  enable  the  model  to  be  used  at  different  air 
exchange  rates,  pressed-wood  product  and  waliboard  areas,  and  room 
volumes.  The  formaldehyde  concentration  is  derived  from  the  model.  The 
mathematics  of  deriving  the  model  constants  from  quantities  obtained  by 
measuring  chamber  experiments  is  described  in  Section  3.  Experiments  for 
calculating  the  model  constants,  testing  the  assumptions  underlying  the 
model,  extending  the  model  to  different  combinations  of  temperature  and 
relative  humidity  (RH) , and  validating  the  model  in  houses  are  described 
in  Section  4.  The  preliminary  experiments  used  to  obtain  the  results 
shown  in  Figures  1-2  are  described  in  Appendix  A. 
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2.  DERIVATION  OF  A GYPSUM  WALLBOARD  FORMALDEHYDE  SORPTION  MODEL 


2.1.  Assvunptions 

A simplified  picture  of  formaldehyde  sorption  in  a room  or 
measuring  chamber  containing  gypsum  wallboard  is  used  to  derive  sorption 
models.  Formaldehyde  and  its  binding  sites  on  or  within  wallboard  are 
assumed  to  be  uniformly  distributed  per  unit  surface  area.  The 
dependence  of  distribution  on  depth  into  the  wallboard  is  unknown.  The 
affinity  of  the  binding  sites,  which  may  include  trapped  water,  to 
formaldehyde  is  assumed  to  be  constant.  It  is  assumed  that  formaldehyde 
reacts  irreversibly  within  or  on  the  surface  of  wallboard  to  some  unknown 
product(s)  in  a first-order  reaction.  Assuming  binding  site  affinity  and 
reaction  rate  to  be  constant  means  using  weighted  average  values  in  an 
analogous  manner  to  using  "center  of  mass"  in  dynamics  problems.  A 
general  model  would  allow  for  irreversible  reaction  within  room  air  as 
well,  but  the  rate  of  such  a reaction  is  assumed  to  be  negligible  in  the 
present  model. 

Throughout  the  modeling,  it  is  assumed  that  formaldehyde 
concentration  (C) , wallboard  content  per  unit  area  (G) , and  emission  rate 

(e)  are  small  enough  so  that  sorption  is  first-order,  that  is  that  the 
absorptive  capacity  of  the  wallboard  is  not  approached.  Assume  first 
that  G = 0 mg/m^ , I = 0 h”^,  and  e = 0 mg/h.  Then  the  formaldehyde  entry 
rate  into  the  wallboard  is  assumed  to  be  proportional  to  C and  A with 
proportionality  constant  k^  : G = ki*C*A  and  by  mass  balance,  C = k]^»C*L. 
Assume  instead  now  that  C = 0 mg/m^ . Then  the  emission  rate  from  and 
rate  of  irreversible  removal  by  wallboard  are  both  assumed  to  be 
proportional  to  the  formaldehyde  content  of  the  wallboard  with 
proportionality  constants  k2  and  k^j,  respectively:  G = -(k2  + k^j) ‘G  and 
by  mass  balance  C = k2*L*G. 

Assuming  that  sorption  is  first  order  means  that  the  rate- limiting 
step  of  sorption  is  first-order.  In  particular,  if  diffusion  is  the 
rate- limiting  step,  then  it  obeys  Fick's  diffusion  law,  implying  that  it 
is  not  obstructed  to  the  extent  that  the  rate  of  absoption  is  independent 
of  formaldehyde  concentration  (zero  order  kinetics).  Suppose,  contrary 
to  assumption,  that  absorption  were  zero  order.  If  the  formaldehyde  exit 
rate  were  also  zero  order,  then  the  resulting  formaldehyde  concentration 
profile  would  not  be  biphasic,  but  a simple  exponential  expression, 
contradicting  observations  at  ORNL  and  NIST.  If  the  formaldehyde  exit 
rate  were  first  order,  then  the  resulting  concentration  profile  would  be 
biphasic.  The  values  of  the  4>^  (the  negative  of  the  eigenvalues  for  the 
sorption  model)  would  be  given  by  I and  k2  + k^j.  I is  estimated  to  be 
approximately  1 h~^.  However,  as  shown  in  Appendix  A,  the  values  of  the 

(f) ^  were  determined  to  be  0.0076  and  3 h"^  for  the  sorption  data  shown  in 
Figure  2.  Therefore,  zero  order  kinetics  does  not  seem  to  be  consistent 
with  the  results  of  this  experiment. 
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2.2.  The  Gypsum- Board  Formaldehyde  Sorption  Model 

In  general,  C,  G,  e,  and  I are  not  necessarily  zero.  On  the  basis 
of  the  assumptions  above,  the  following  two-equation  sorption  model  is 
predicted  to  describe  C and  G at  fixed  temperature  and  RH: 

C = -(I  + ki*L)*C  + (k2*L)*G  + e/V  (2.1) 

G = ki-C  - (k2  + kd)*G  (2.2) 

It  is  important  to  note  that  at  fixed  temperature  and  RH,  k^ , k2 , 
and  k(i  are  invariant  in  A and  V,  and  hence  in  L as  well.  The  physical 
meaning  of  k]^  and  k2  is  not  specified  in  the  model.  A very  useful 
invariant  is  K,  the  equilibrium  wallboard- formaldehyde  content  per  unit 
area  per  unit  airborne  equilibrium  concentration  (1  mg/m^) . At  t = <»,  G 
= 0 mg/(m^*h),  C = Coo,  and  G = Goo  in  Equation  2.2: 

K = Goo/Coo  = ki/(k2  + kd)  (2.3) 

Matthews  et  al . determined  K to  be  23  mg/m'^  per  unit  formaldehyde 
concentration  for  the  wallboard  specimens  they  tested  [12].  Another 
important  constant,  K*L,  is  a partitioning  constant;  it  is  the  ratio  of 
the  formaldehyde  content  of  the  wallboard  to  the  content  of  room  air  at 
equilibrium.  Unlike  K,  K*L  is  not  invariant  in  A and  V but  depends  on 
their  ratio.  For  a typical  value  of  L = 1.6  m‘^  and  the  value  of  K 
determined  by  ORNL,  K»L  = 37;  the  air  contains  less  than  3%  of  the 
formaldehyde  in  the  room. 


2.1.  Sorption  Model,  Formaldehyde  Concentration,  and  Gypsum  Wallboard 
Content  when  Pressed-Wood  Products  are  Present 

Equation  2.1  must  be  modified  for  the  presence  of  pressed  wood 
products.  It  has  been  shown  repeatedly  that  the  formaldehyde  emission 
rate  of  pressed-wood  products  is  linear  in  formaldehyde  concentration, 
with  negative  slope,  as  a consequence  of  Pick's  law  of  diffusion  [1-13]. 
Therefore,  if  there  are  n pressed-wood  products,  then  , the 
formaldehyde  emission  rate  per  unit  area  (A^j^)  of  the  i^“  board,  is  given 
by: 


Ei  = ai  - ^i-C  for  C < (2.4) 

(The  constants  and  are  determined  by  linear  regression  analysis  of 
measured  concentrations  vs.  surface  emission  rates,  as  described 
elsewhere  [2,  8,  13].)  Then  S,  the  formaldehyde  generation  rate,  is 
given  by: 

S = Z Ai'Oj^  - (E  Ai*^i)‘C  for  C < min(Qi/^i)  (2.5) 

(At  concentrations  C > mir\{a^/ , the  weak  formaldehyde  emitters  may 
cease  to  emit  altogether  and  become  sinks  [17-18].)  Note  that  the  first 
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term  on  the  right  of  Equation  2.5  is  constant  while  the  second  term  is 
linear  in  C.  Incorporating  S into  Equation  2.1,  with  = Aj_/V: 

C = -(I  + ki*L)*C  + k2*L«G  + e/V  + 2 - (2  (2.6) 

Rearranging  terms : 

C = -(I  + ki-L  + 2 + k2*L-G  + (e  + 2 Ai-ai)/V  (2.7) 

Formally,  Equation  2.7  is  the  same  as  Equation  2.1,  with  e replaced  by  e 
= e + 2 and  I replaced  by  I = I + 2 


3.  DETERMINATION  OF  FORMALDEHYDE  CONCENTRATION  AND  GYPSUM  WALLBOARD 
CONTENT 


Let  -(^i  and  -<^2  be  the  eigenvalues  for  the  system  of  equations  2.1 
and  2.2.  Assume  that  Cg^t’  bhe  external  formaldehyde  concentration,  is 
negligible.  Goo,  the  equilibrium  gypsum  wallboard  formaldehyde  content, 
is  given  below  by  Equation  4.11.  Assume  that  a disturbance  occurs  at 
time  0,  for  example  I or  e is  changed.  Then,  at  time  t,  C and  G are 
given  by: 


C(t)  = Coo  + (Co  - Coo)*(a.exp(-<;il-t)  + (1  - a)  •exp( -<^2*  t) ) (3.1) 

G(t)  = Geo  + (Go  - Geo)  • (ag*exp(-<^i*t)  + (1  - ag)  • exp  ( -^2  * t)  ) (3.2) 

Net  absorption  occurs  when  Co  < Coo,  net  desorption  when  Co  > Coq. 

Typically  (f>2  » <f>i-  If  t » , then  exp(-(;62*t)  = 0. 

Furthermore,  as  is  shown  below,  ag  = 1 . Thus,  when  ^2  ^nd  t » 

<f>2~^  > Equations  3. 1-3.2  can  be  replaced  by  Equations  3. 3-3.4: 


C(t)  ~ Coo  + (Co  - Coo)  •a*exp(-.^l*t) 


(3.3) 


G(t)  = Geo  + (Go  - Goo)  • exp  (-01*  t) 


(3.4) 


For  notational  convenience,  assume  that  pressed-wood  products  are 
absent.  To  obtain  eigenvalues  and  coefficients  when  pressed-wood  _ 
products  are  present,  replace  each  occurrence  of  e by  e,  and  of  I by  I 
throughout  this  section. 

Define  k^ ' = k]^*L,  and  8 (the  "discriminant")  by: 

6^  = (I  + kj^ ' + k2  + k(j)^  - 4*I*k2  - 4*k(j*(I  + k]^ ' ) (3.5) 

Then : 


~ (1  + ^1^  ^2  ^d  ~ ^)/2 

<f>2  = (I  + k]^ ' + k2  + k(j  + 5)/2  = <j>\  8 


(3.6) 

(3.7) 


I and  Coo'  , the  equilibrium  formaldehyde  concentration  in  the 
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absence  of  wailboard,  or  equivalently  in  the  presence  of  wallboard  for 
which  = 0 h'^,  are  related  by; 

e = I-C„' -V  (3.8) 

If  Cco  is  substituted  for  Co,'  in  Equation  3.8,  then  I',  the  "apparent  air 
exchange  rate"  obtained  by  using  formaldehyde  as  a tracer  gas,  must  be 


substituted  for  I to  maintain  the  same  relationship; 

e = I'-Coo-V  (3.9) 

It  follows  that  I < I'  and; 

C«/Cco'  = I/I'  (3.10) 

Each  of  the  ratios  in  Equation  3.10  is  equal  to  1 if  and  only  if  = 0 
h'^.  The  normalized  coefficients  of  Equations  3.1  and  3.3,  a and  1 - a, 
are  given  by; 

a = (<^2  - I')/(^2  - <^l)  (3.11) 

1 - a = (I'  - 4>i)/{4>2  - <^l)  (3.12) 

Rearranging  Equation  3.11,  one  obtains  an  expression  for  <l>2  in  terms  of 
experimentally  derived  quantities; 

4>2  = d'  - - a)  (3.13) 

For  <^2  '■ 

a = 1 - I'/<^2  (3.14) 

1 - a - l'/<t>2  (3.15) 

(According  to  Equation  3.15,  4>2  ~ I'/(l  - a).) 

The  normalized  coefficients  of  Equation  3.2,  ag  and  1 - ag,  are 
given  by; 

ag  = 4>2/(4>2  ■ “^l)  (3.16) 

1 - ag  = -4>i/{<t>2  - 4>\)  (3.17) 

If  4>2  » 4)\,  then; 

ag  = 1 (3.18) 

1 - ag  - 0 (3.19) 
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4.  DETERMINATION  OF  THE  MODEL  CONSTANTS 


Assume  that  there  are  no  pressed-wood  products  present,  but  that 
formaldehyde  is  injected  at  constant  rate  e into  a measuring  chamber  of 
volume  V containing  gypsum  wallboard  with  exposed  area  A. 


4.1.  Derivation  of  k(j 

Setting  t = 00  in  Equation  2.1: 

(I  + ki*L)*Coo  = k2*L*Ga3  + I'*Ca,  (4.1) 

It  follows  that: 

I'  - I = ki*L  - k2-L-Gco/Coo  (4.2) 

Using  Equation  2.3: 

I'  - I = k^'L  - k2*L*k]^/(k2  + k^j)  (4.3) 

I'  - I = ki*L*kfi/(k2  + k(i)  = K*L*k(i  (4.4) 

kd  = (I'  - I)/(K-L)  (4.5) 


In  order  to  determine  k^j,  K must  be  calculated  from  experimentally 
derived  quantities.  The  next  section  shows  how  to  calculate  Geo  3.nd  K. 


4.2.  Determination  of  G^o  and  K 

Assume  that  formaldehyde  absorbed  by  wallboard  is  at  equilibrium 
with  airborne  formaldehyde,  and  that  the  sources  of  formaldehyde  are 
removed;  G = G^  and  C = Coo.  Then  the  absorbed  formaldehyde  will  be 
removed  either  by  exiting  the  room  or  by  irreversible  reaction  in  the 
wallboard. 

A*Goo  = I*V*C(t)dt  + I®  k(i*A*G(t)dt  (4.6) 

Ignoring  the  fast  decay  term,  C and  G are  given  by  Equations  3.3  and  3.4, 
respectively.  For  desorption,  the  initial  conditions  Cq  and  Gq  are 
replaced  by  C®,  and  Ga,,  and  the  final  conditions  C^  and  Geo  3.re  both 
replaced  by  0.  Substituting  Equations  3. 3-3.4  into  Equation  4.6: 

A*Geo  = (I*V*Ceo*a  + kd*A-Geo)-j“  exp(-<?ii*t)dt  (4.7) 

A-Geo  = (I-V-Ceo-a  + kd-A*Geo)/flii  (4.8) 

Substituting  Equation  4.5  for  k^j  into  Equation  4.8  and  dividing  by  V*Cco: 

K*L  = (I*a  + (I'  - 1))/4>1  (^-9) 
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K = (I-a  + (I'  - 

Geo  = Ccc-d-a  + (I'  - I))/(L-^i) 


(4.10) 


(4.11) 

If  = 0 h"^  or  equivalently,  I'  = I,  then  K = I»a/(L*<^d  and  Goo  = 
I-a-Coo/(L-<^l)  . 

4.3.  Derivation  of  and  k2 

Substituting  k^  = (k2  + k(j)»K*L  (from  Equation  2.3),  5 = (^2  ' <^1 
and  4)1  4)2  = 1 + + k2  + k^j  (from  Equations  3.6  and  3.7)  into 

equation  3.5,  and  rearranging  yields: 

{4\,  + 4>2^'^  ~ (*^2  ■ ~ 4*I*k2  + 4*k(^»I  + 4*k(j*k2*K*L  + 4*k(j2  •K*L(4 . 12) 


h’4>i’4>2  - 4*(k2  + k(j)*(I  + kd*^’L)  (4.13) 

Substituting  I'  = I + k(j*K»L  (Equation  4.4)  into  Equation  4.13: 

4>1'4>2  = (^2  + k(j)*I'  (4.14) 

Therefore : 

k2  = 4>1'4>2/^'  ~ kd  (4.15) 

Substituting  k2  + kd  = 4l’4>2/^'  (Equation  4.15)  into  equation  2.3: 

ki  = <^i-02*K/I'  (4.16) 


5.  EXPERIMENTAL  PLAN  FOR  VERIFYING  THE  SORPTION  MODEL 
5.1.  Derivation  of  the  Model  Constants  by  Chamber  Tests 

The  sorption  model  may  be  tested  using  a measuring  chamber  under 
controlled  temperature  and  RH,  as  illustrated  by  the  preliminary 
experiment  described  in  Figures  2-4  and  in  Appendix  A.  First,  the  gypsum 
wallboard  should  be  conditioned  at  the  test  conditions  of  temperature  and 
RH  in  a formaldehyde -free  atmosphere.  It  should  be  verified  that  the 
chamber  walls  and  air  do  not  react  with  formaldehyde  and  that  the 
wallboard  does  not  emit  any  formaldehyde.  Then,  each  specimen  of 
wallboard  should  be  tested  over  a range  of  values  of  I commonly  found  in 
the  field,  from  about  0.1  h”^  to  over  1 h~^,  to  ensure  that  the  model 
constants  do  not  vary  with  I.  Wallboard  from  several  different 
manufacturers,  and  from  different  and  the  same  lot  from  the  same 
manufacturer  should  be  tested  at  the  same  temperature  and  RH  to  study  the 
variation  of  model  constants  over  available  products. 
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5.2.  Test  of  Assumption  of  First-Order  Sorption  Kinetics 

The  range  of  values  of  Coo  over  which  wallboard  absorption  is  first 
order,  that  is  Goo  is  proportional  to  Cco,  may  be  obtained  by  using  a range 
of  values  of  e.  Injecting  formaldehyde  at  a low  rate  e into  a 
measurement  chamber  containing  a specimen  of  wallboard,  permit  C to 
stabilize  to  Coo  and  determine  Goo-  Keeping  I fixed,  raise  e and  repeat 
the  experiment.  The  first  order  assumption  starts  breaking  down  when  an 
increase  of  e results  in  a smaller  increase  in  Goo-  Absorption  becomes 
zero  order  when  increasing  e has  no  further  effect  on  Goo. 


5.3.  Painted  and  Coated  Gypsum  Wallboard 

The  sorption  model  should  be  tested  for  coated  wallboard  since 
wallboard  is  usually  painted  or  covered  by  wallpaper.  Latex  paint,  which 
is  almost  invariably  used  for  painting  wallboard,  has  been  found  to  be 
ineffective  as  a formaldehyde  emission  barrier  [19-20].  Therefore,  one 
would  expect  that  latex  paint  would  not  affect  sorption  kinetics. 
Formaldehyde  sorption  through  more  impermeable  wallpapers  and  glues  might 
be  zero  order. 


5.4.  Temperature-  and  RH-dependence  of  Sorption 

If  sorption  is  fairly  uniform  over  all  products,  and  occurs  as 
predicted,  the  next  step  is  to  study  the  temperature-  and  RH-dependence 
of  sorption  in  order  to  make  the  model  usable  under  field  conditions.  In 
addition,  the  variation  of  model  constants  with  temperature  and  RH  may 
give  information  about  the  nature  of  the  binding  sites  and  the  binding 
reaction . 


5.5.  Diffusion  within  Wallboard 

Repeating  the  experiment  with  two  boards  from  the  same  lot  stacked 
together  can  yield  useful  information  on  the  diffusion  of  formaldehyde 
through  wallboard.  If  a stack  of  boards  absorbs  more  formaldehyde  than  a 
single  board,  then  it  can  be  concluded  that  formaldehyde  can  diffuse 
completely  through  a board.  The  time  for  diffusion  through  a board  can 
be  estimated.  Another  way  of  obtaining  this  kind  of  information  is  to 
use  wallboard  to  separate  the  measuring  chamber  into  two  compartments 
whose  only  communication  route  is  through  the  wallboard.  Inject 
formaldehyde  into  one  compartment  while  monitoring  the  concentration  on 
both  sides  of  the  board,  as  was  done  by  Kazakevics  in  characterizing  the 
permeability  of  polymers  to  formaldehyde  [21]. 

5.6.  Diffusion  within  Air 

The  role  of  formaldehyde  diffusion  in  air  can  be  studied  by  varying 
the  speed  of  a mixing  fan  in  the  measuring  chamber.  If  absorption  is 
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Limited  by  the  availability  of  formaldehyde  in  the  air  next  to  the 
wallboard,  then  increasing  the  fan  speed  should  increase  the  absorption 
rate  by  making  more  formaldehyde  available.  Similarly,  if  desorption  is 
limited  by  excess  formaldehyde  in  the  air  next  to  the  wallboard,  then 
increasing  the  fan  speed  should  increase  the  desorption  rate  by 
dispersing  the  formaldehyde  away  from  the  board. 


5.7.  Validation  of  Sorption  Model  in  a House 

The  sorption  model  may  be  validated  in  a house  containing  wallboard 
and  pressed-wood  products  maintained  at  fixed  temperature  and  RH,  as 
illustrated  in  Figure  1 and  described  in  the  experimental  methods  section 
below.  The  model  should  be  validated  for  several  different  ratios  of  I 
to  L,  using  several  different  "typical"  loadings  of  pressed  wood 
products,  and  at  reasonable  combinations  of  temperature  and  RH  after  the 
model  is  expanded  to  account  for  these. 


6 . SUMMARY 

Gypsum  wallboard  formaldehyde  sorption  was  studied  in  experiments 
performed  in  a prototype  house  and  in  an  environmentally  controlled 
measuring  chamber.  Sorption  was  shown  to  be  biphasic  in  response  to  a 
change  in  the  air  exchange  rate  or  to  the  removal  of  the  formaldehyde 
source.  Consistent  with  observations  by  other  researchers,  a rapid 
initial  phase  was  followed  by  a slow  phase  lasting  several  days.  A 
formaldehyde  sorption  model  accounting  for  the  observed  biphasic 
concentration  pattern  was  derived  on  the  basis  of  mass  balance. 
Experiments  for  testing  the  predictability  of  the  model  were  described. 
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Figure  1,  Measured  formaldehyde  concentration  in  a prototype  house 
containing  gypsum  wallboard,  particleboard  flooring,  medium- density 
fiberboard,  and  hardwood-plywood  paneling.  Before  0 days,  the  air 
exchange  rate  was  0.58  h'^.  Between  0 and  5.75  days,  the  air  exchange 
rate  was  0.27  h'^.  After  5.75  days,  the  air  exchange  rate  was  0.75  h'^ 
The  temperature  was  23'’C  and  the  RH  was  50%. 


Figure  2.  Measured  and  predicted  formaldehyde  concentration  (jagged  and 
smooth  curves,  respectively)  in  a medium-sized  measuring  chamber 
containing  gypsum  wallboard.  Formaldehyde  injection  (absorption)  began 
at  0 days.  Injection  ended  and  desorption  began  at  11.0  days.  The 
temperature  was  23°C  and  the  RH  was  50%. 
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time,  doys 

Figure  3.  Logarithm  of  formaldehyde  concentration  as  a function  of  time 
during  formaldehyde  desorption  by  gypsum  wallboard  (Figure  2).  The 
straight  line  is  the  best-fit  regression  line  for  the  data  between  the 
asterisks. 


exp(-0  1 82*doys) 

Figure  4.  Formaldehyde  concentration  as  a function  of  exp(-0. 182*days) 
during  formaldehyde  absorption  by  gypsum  wallboard  (Figure  2).  The 
straight  line  is  the  best-fit  regression  line  for  the  data  between  the 
asterisks . 
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APPENDIX  A.  METHODS  USED  IN  THE  PRELIMINARY  EXPERIMENTS* 

This  appendix  describes  the  methods  used  in  the  preliminary- 
experiments  shown  in  Figures  1-2.  Figure  1 shows  qualitatively  that  the 
formaldehyde  concentration  in  a prototype  house  containing  gypsum 
wallboard  and  pressed-wood  products  responds  in  a biphasic  manner  to 
changes  in  the  air  exchange  rate.  Figure  2 compares  measured  and 
predicted  formaldehyde  concentrations  in  a medium-sized  measuring  chamber 
containing  gypsum  wallboard  during  formaldehyde  injection  and  after 
injection  ceased.  The  experiment  confirms  the  biphasic  concentration 
profile  predicted  by  the  sorption  model. 


A.l.  Prototype-House  Studies 

The  prototype  house,  designed  to  study  combinations  of  pressed-wood 
products  in  a building  resembling  typical  houses;  the  automated 
pararosaniline  method  for  measuring  formaldehyde  concentrations;  and  the 
automated  sulfur  hexafluoride  tracer  decay  method  for  measuring  air 
exchange  rates  were  described  elsewhere  [13,  22].  The  house  was  located 
in  an  environmental  chamber  maintained  at  23 "C  and  50%  RH  throughout  the 
experiments.  The  interior  dimensions  of  the  prototype  house  were  3 m x 6 
m X 2.4  m,  for  a volume  of  45  m^ . The  two  equal-sized  rooms  were 
connected  by  a doorway  which  was  left  open  during  testing.  The  floor, 
ceiling,  and  sidewalls  were  lined  with  a polyethylene  vapor  barrier. 

The  prototype  house  contained  6 specimens  of  particleboard 
flooring,  3 specimens  of  hardwood-plywood  paneling  from  2 different 
manufacturers  on  the  walls,  and  2 tables,  each  having  1 exposed  surface 
of  medium-density  fiberboard  (mdf) . The  walls  were  covered  by  gypsum 
wallboard;  for  exposed  wallboard,  L = 1.44  m“^. 

Formaldehyde  was  sampled  at  the  inlet,  outlet,  and  the  interior  of 
each  room.  Figure  1 shows  the  formaldehyde  concentration  measured  at  the 
outlet.  (The  outlet  concentration  was  approximately  0.01  mg/m^  greater 
than  the  concentration  in  one  room  and  0.01  mg/m^  lower  than  the 
concentration  in  the  other  room.) 

The  air  exchange  rate  was  determined  using  the  tracer  decay  method. 
Sulfur  hexafluoride  was  injected  into  the  inlet  air  and  sampled  at  the 
outlet . 


A. 2.  Measuring- Chamber  Studies 

Gypsum  wallboard  sorption  was  studied  in  a "medium- sized"  measuring 
chamber.  The  chamber,  designed  to  measure  individual  pressed-wood 
products  was  described  elsewhere  [13,  22].  The  chamber  was  located 
inside  an  environmental  chamber  maintained  at  23 °C  and  50%  RH  throughout 
the  experiments . 


^Literature  references  are  cited  in  the  References  section  above. 
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A.2.1.  Formaldehyde  Generation 

Gas  standards  generators  were  used  for  calibrating  the  formaldehyde 
concentration  analysis,  and  for  injecting  formaldehyde  into  the  measuring 
chambers  at  known  rates,  also  as  described  elsewhere  [22-23],  For 
calibration,  "span  gas"  containing  about  0.1  mg/m^  formaldehyde  was 
produced  by  heating  polyoxyraethylene  permeation  tubes  at  an  oven 
temperature  of  80°C.  The  emission  rate  of  the  permeation  tubes  was 
determined  by  approximately  monthly  weighing  at  room  temperature  after 
removal  from  the  oven.  The  mass  loss  rate  was  determined  by  linear 
regression  analysis  of  time  vs.  mass.  The  relative  error  of  the  emission 
rate  was  estimated  to  be  about  2%. 

An  oven  temperature  of  100°C  was  used  for  heating  permeation  tubes 
in  order  to  inject  chambers  with  formaldehyde.  The  tubes  were  weighed 
approximately  daily  at  room  temperature  after  removal  from  the  oven.  An 
emission  rate  of  0.313  mg/h  was  determined. 


A. 2. 2.  Gypsum  Wallboard  Emission  and  Sorption  Measurements 

A sample  of  new  gypsum  wallboard  (1.2  m x 2.4  m)  was  installed  into 
the  medium- sized  chamber  (1.2  m x 2.4  m x 0.6  m).  The  loading  of 
wallboard  was  1.64  m*^. 

Formaldehyde  absorption  behavior  of  the  wallboard  was  studied  by 
monitoring  formaldehyde  concentration  for  11  days  while  a gas  standards 
generator  injected  formaldehyde  into  the  measuring  chamber.  Desorption 
was  studied  by  monitoring  concentration  for  10  days  after  injection 
ceased,  without  adjusting  any  of  the  air  flows  into,  out  of,  or  within 
the  chamber. 


A. 2. 3.  Predicting  Formaldehyde  Concentration  from  Sorption  Measurements 

The  desorption  and  absorption  data  of  Figure  2 are  presented  in 
Figures  3 and  4,  respectively,  in  ways  more  convenient  for  parameter 
calculation.  At  the  start  of  desorption  (t  = 11.0  days),  Cq  was  measured 
to  be  0.12  mg/m^ . Using  the  desorption  data  between  the  asterisks  in 
Figure  2> , 4>i  = 0.182  day“^  = 0.0076  h'^  and  a = 0.570  were  calculated  by 
linear  regression  analysis  of  time  after  11.0  days  vs.  ln(C(t)),  assuming 
and  Coo  = 0 mg/m^  (see  Equation  3.3;  the  slope  is  -(i>i  and  the  intercept  is 
in(Co*a)).  Early  concentrations  (to  the  left  of  the  asterisks)  were 
still  influenced  by  4>2>  later  concentrations  (to  the  right  of  the 

asterisks)  were  too  scattered  for  undetermined  reasons.  At  the  start  of 
absorption,  Cq  was  measured  to  be  0 mg/m^ . Assuming  that  <f)i  = 0.182 
day"^,  the  absorption  data  between  the  asterisks  in  Figure  3 were  used  to 
calculate  Coo  = 0.13  mg/m^  and  a = 0.575  by  linear  regression  analysis  of 
exp(-(^]^*t)  vs.  C(t)  (see  Equation  3.3;  the  slope  is  -a»Coo  and  the 
intercept  is  Coo)  • 

The  determinations  of  "a"  from  the  results  of  the  desorption  and 
absorption  experiments  are  nearly  identical.  (However,  calculating  the 
value  of  "a"  from  absorption  data  does  not  require  estimating  Cq,  and  is 
therefore  probably  more  reliable,  in  general,  than  using  desorption 
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data.)  The  theoretical  curves  for  C given  by  Equation  3.1,  calculated 
using  a = 0.575,  = 0.182  day'^,  I'  = 1.3  h“^  (from  Equation  3.9),  and 

4>2  = 3.1  h~^  (from  Equation  3.13),  are  shown  in  Figure  2.  The  curves  fit 
both  absorption  and  desorption  data  very  well. 
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